We compared monocyte-derived dendritic cells and transforming growth factor-␤1-induced Langerhans-like cells (LCs) for their capacity to cross-present exogenous NY-ESO-1 protein͞antibody immune complexes to an NY-ESO-1-specific CD8 ؉ T cell clone. In contrast to dendritic cells, LCs were not able to cross-present NY-ESO-1 to the T cell clone constitutively but did so after treatment with IFN-␥. Remarkably, this IFN-␥-inducible characteristic was due neither to enhanced antigen uptake nor to facilitated antigen processing in LCs. Rather, IFN-␥ acted at least in part by potentiating the maturation of otherwise refractory LCs, enabling in turn exogenous antigen to reach the processing machinery. This model of conditional cross-presentation establishes an original level of action for IFN-␥ as an effective immune modulator and supports the use of IFN-␥ in protein vaccination strategies targeting LCs.
I
n the development of strategies to vaccinate cancer patients with tumor antigens, soluble whole proteins produced by recombinant technologies are attractive agents because they include all potential epitopes recognized by antibodies and T cells. To be naturally processed into MHC͞peptide complexes, proteins have to be taken up by antigen-presenting cells, of which dendritic cells (DCs) are perhaps the most sophisticated kind due to their array of unique characteristics. In peripheral tissues, DCs internalize antigens and then migrate to lymphoid organs where they process the sequestered antigens into peptides, load them onto MHC molecules, and finally present peptide͞MHC complexes on their cell surface (1, 2) . To present antigens effectively, DCs must undergo maturation, a process triggered by various signals that induces phenotypic changes enabling the functional priming of T cells. When exogenous free proteins are added to DCs in vitro, most of the presentation will occur on MHC class II (2) , but proteins may also be processed and presented by the MHC class I pathway if high concentrations of protein are used (3, 4) . In contrast, if proteins are preincubated with specific antibodies to form immune complexes (IC), antigenic peptides derived from exogenous proteins are very efficiently presented by DCs onto MHC class I through a pathway known as cross-presentation (5, 6 ). The enhanced crosspresentation reflects, at least in part, the efficient uptake of IC-bound antigen by means of plasma membrane Fc␥ receptors (5, 7, 8) . Also, DCs seem to have a unique capacity that functionally links the lumen of endocytic compartments with the cytosol (9, 10) . Internalized antigens can overcome the topology barrier normally created by the endosome-lysosome membrane and egress into cytosol, where they become susceptible to proteasome proteolysis and subsequent translocation into the endoplasmic reticulum (ER). It has been suggested that these events may in part reflect the introduction of ER components into endocytic organelles after phagocytosis (11, 12) .
By using IC-loaded DCs, ovalbumin (OVA)-specific CD4 ϩ and CD8 ϩ T cells have been successfully induced in mice (8) , suggesting that effective cross-presentation also occurs in vivo. In humans, it has been shown that IC with prostate-specific antigen (PSA) loaded on DCs induce specific CD4 ϩ and CD8 ϩ T cells derived from a healthy donor in vitro (13) , indicating that IC-containing specific antigen proteins loaded on DCs are potentially powerful tools for cancer vaccine. To develop a vaccine strategy by using IC, it is essential to understand the mechanism of antigen transport from the membrane to the cytosol by means of the cross-presentation pathway in DCs, which remains to be elucidated.
Previously, we showed that IC formed with cancer͞testis antigen NY-ESO-1 were efficiently cross-presented by monocyte-derived DCs, but not by CD34-derived DCs (6) . This difference did not seem linked to uptake capacity of IC by the two DC populations. In the present follow-up work, we investigated whether maturation may be an important factor enabling cross-presentation in DCs. Because we observed that monocytederived DCs (mo-DCs) were extremely sensitive to maturation, we sought an alternative source of DCs that would be more refractory to maturation while still being easily accessible from peripheral blood. Geissmann et al. (14) have recently found that transforming growth factor-␤1, in the presence of granulocytemacrophage colony-stimulating factor (GM-CSF) and IL-4, induces differentiation of peripheral blood monocytes into DCs with Langerhans cell characteristics, and these cells have been shown to exhibit resistance to some maturation signal (15) . We therefore turned our attention to these monocyte-derived Langerhans-like cells (LCs) and tested their capacity to present NY-ESO-1 protein and IC to T cells. We found that LCs were defective for cross-presentation of exogenous antigen into the MHC class I pathway. Remarkably, treatment with IFN-␥ rescued the deficient phenotype and enabled LCs to acquire the capacity to cross-present antigen similarly to mo-DCs. Moreover, LCs treated with IFN-␥ became susceptible to maturation signals. This system for conditional cross-presentation is a useful model to understand the mechanism of antigen transport from membrane to cytosol. Abbreviations: DC, dendritic cell; mo-DC, monocyte-derived DC; IC, immune complex; LC, Langerhans-like cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; ELIS-POT, enzyme-linked immunospot; FACS, fluorescence-activated cell sorter; LPS, lipopolysaccharide. (19) . Monoclonal antibodies against MAGE-1 and MAGE-3 were also prepared from mice immunized with recombinant MAGE-1 and MAGE-3, respectively (19) . Purified or FITC-labeled anti-human CD32, purified or phycoerythrin (PE)-labeled anti-human CD16, purified or FITC-labeled anti-human CD64, FITC-labeled anti-human CD1a, FITC-labeled anti-human CD14, FITC-labeled anti-HLA-A, -B, and -C, PE-labeled anti-HLA-DR, PE-labeled anti-human CD83, and PE-labeled anti-human CD86 were purchased from BD Pharmingen.
Materials and Methods
Recombinant Proteins. NY-ESO-1 full-length, NY-ESO-1 short (truncated form of NY-ESO-1, AA 10-121), MAGE-1, and MAGE-3 proteins were prepared as His-tagged proteins in Escherichia coli as described (19) . Briefly, proteins with a six-histidine tag at the amino terminus were purified from washed and solubilized inclusion bodies by nickel chelate affinity chromatography (Chelating Sepharose FF; Amersham Pharmacia Biotech) by using a pH gradient. The purified proteins were reactive with suitable monoclonal antibodies by Western blot analysis; purity was Ͼ80% by SDS͞PAGE.
Generation of DCs and Langerhans Cells. To generate mo-DCs, peripheral blood mononuclear cells were isolated from buffycoat of healthy individuals as described (20) . CD14 ϩ monocytes were enriched by negative selection by using magnetic beads (Dynal, Oslo) and then cultured in RPMI medium 1640 with 2.5% FCS, L-glutamine (2 mM), penicillin (100 units͞ml), streptomycin (100 g͞ml), supplemented with 100 ng͞ml of GM-CSF (Immunex) and 20 ng͞ml of IL-4 (R & D Systems). LCs were cultured in the same medium as mo-DCs supplemented with 10 ng͞ml transforming growth factor-␤1. Some LCs were treated with 750 units͞ml IFN-␥ (R & D Systems) (LCs͞ IFN-␥) for the last 24 h before cells were harvested. On day 6 or day 7, mo-DCs, LCs, and LCs͞IFN-␥ were harvested, characterized by fluorescence-activated cell sorter (FACS, Becton Dickinson), and used for antigen presentation assays or antigen uptake assays. cells per slide were fixed in ice-chilled acetone for 15 min, then air-dried. Immunocytochemistry with a biotin-streptavidin system (Vector ABC Elite kit, Vector Laboratories) was performed as described by the manufacturer's manual. Mouse anti-human E-cadherin mAb (2.5 g͞ml) was used as primary antibody, followed by biotinylated goat anti-rabbit antibody (5 g͞ml, Vector Laboratories). Liquid DAB Concentrated Substrate Pack (BioGenex Laboratories, San Ramon, CA) was used for detection, and CoCl 2 and NiCl 2 were added in substrate͞chromogen solution at the concentration of 0.25% and 0.20%, respectively, to increase sensitivity as described (21) .
Antigen Loading. IC were prepared by mixing ES121 and E978 monoclonal antibodies with NY-ESO-1 protein for 30 min at 37°C at final concentrations indicated in the figure legends. IC were incubated with 1.5 ϫ 10 5 mo-DCs, LCs, or LCs͞IFN-␥ in complete medium with IL-4 and GM-CSF at 37°C for 7 h. NY-ESO-1 short protein, MAGE-1 or MAGE-3 and suitable monoclonal antibodies were also used in the same conditions as control IC. For proteolysis inhibition assay, LCs͞IFN-␥ were treated with 40 M lactacystin for 1 h before adding IC. Peptides (10 M) were pulsed on cells for 7 h at 37°C. Cells were infected with recombinant vaccinia viruses at 100 plaque-forming units per cell for 7 h at 37°C.
T Cell Effectors.
The HLA-A*0201-restricted CD8 ϩ T cell clone specific for NY-ESO-1 peptide 157-165, clone49, was generated by limiting dilution from tumor-infiltrating lymphocytes of melanoma patient (22) . HLA-DRB1*0701-restricted CD4 ϩ T cell line specific for NY-ESO-1 peptide 115-132 was derived from patient NW29 as described (23) . Plates were then washed thoroughly with water containing 0.05% Tween 20 to remove cells, and anti-IFN-␥ mAb (0.2 g͞ml, 7-B6-1-biotin; MABTECH) was added to each well. After incubation for 2 h at 37°C, plates were washed and developed with streptavidin-alkaline phosphatase (1 g͞ml; MABTECH) for 1 h at room temperature. After washing, substrate (5-bromo-4-chloro-3-indolyl phosphate͞nitroblue tetrazolium; Sigma) was added and incubated for 5 min. After final washes, plate membranes displayed dark-violet spots that were counted under the microscope.
Endocytosis Assay. For endocytosis assay by fluorescent IC, moDCs, LCs, or LCs͞IFN-␥ were incubated for 1 h at 37°C or on ice with IC made of NY-ESO-1 protein (25 g͞ml) and E978 mAb (5 g͞ml) conjugated with fluorescein by using Alexa Fluor 488 labeling kit (Molecular Probes). After washing, some cells were briefly incubated with 0.2% trypan blue (Sigma) to quench extracellular fluorescence, and analyzed by FACS.
Maturation. To induce maturation, cells were incubated with lipopolysaccharide (LPS) (100 ng͞ml, Sigma), IC, or CD40L (1 g͞ml CD40L soluble set with enhancer:mouse IgG to cross-link the CD40L monomers into oligomers; Alexis, San Diego) in complete medium containing IL-4 and GM-CSF. After 2 days, cells were washed and stained with fluorescence-labeled antibodies against CD86, CD83, and HLA-DR, and analyzed by FACS.
Results
Phenotype of mo-DCs, LCs, and LCs Treated with IFN-␥. Morphologically, mo-DCs, LCs, and LCs treated for 24 h with IFN-␥ (LCs͞IFN-␥) were similar in appearance (Fig. 1A) . However, LCs and LCs͞IFN-␥ displayed characteristic expression of Ecadherin in immunocytochemical staining, predominantly on their membranes, whereas mo-DCs did not (Fig. 1B) . Cells were then characterized by flow cytometry. As shown in Fig. 2 , mo-DCs and LCs expressed high CD1a, but low CD86 and HLA-DR, and nearly no CD83, consistent with an immature phenotype. Expression of CD32 (Fc␥RII) was moderate on mo-DCs, but nearly absent on LCs. Notably, LCs͞IFN-␥ retained an immature phenotype by flow cytometry, although HLA class I and HLA-DR were slightly elevated compared with untreated LCs. Surprisingly, expression of CD32 (Fc␥RII), CD64 (Fc␥RI), and CD16 (Fc␥RIII) was barely altered by IFN-␥ treatment (Fig. 2) .
Capacity of Cross-Presentation of mo-DCs, LCs, and LCs͞IFN-␥. To determine whether LCs and LCs͞IFN-␥ derived from healthy HLA-A*0201-positive donors were capable of generating peptide-MHC class I complexes from exogenous antigen, cultures were exposed to either free NY-ESO-1 protein or NY-ESO-1 IC and assayed by ELISPOT by using CD8 ϩ T cell clone49 specific for NY-ESO-1 p157-165 (Fig. 3) . As reported (6), mo-DCs exposed to exogenous NY-ESO-1 IC were capable of presenting the antigenic epitope onto MHC class I molecule, whereas free protein was inefficiently presented. LCs fed with either NY-ESO-1 protein or IC were, in contrast, incapable of effectively sensitizing clone49. Remarkably, LCs͞IFN-␥ exposed to exogenous NY-ESO-1 IC sensitized clone49 as effectively as mo-DCs. All three cell types were recognized by clone49 in the presence of exogenous peptide p157-165, and so was NY-ESO-1 ϩ HLA-A2 ϩ melanoma cell line SK-MEL-37. To assess whether the response of clone49 to LCs͞IFN-␥ exposed to NY-ESO-1 IC was due to specific recognition of MHC-peptide complexes and required proteasome proteolysis, experiments were performed by using the proteasome inhibitor lactacystin. As shown in Fig. 4 , recognition by clone49 of LCs͞IFN-␥ fed with NY-ESO-1 IC was markedly inhibited by lactacystin treatment, whereas p157-165 presentation was not affected. Furthermore, LCs͞IFN-␥ fed with IC containing irrelevant proteins such as MAGE-1 or the NY-ESO-1 truncated protein (which does not include the epitope but is still recognized by anti-NY-ESO-1 mAb) were not able to sensitize clone49. Also, LCs͞IFN-␥ derived from HLA-mismatched donors and fed with NY-ESO-1 IC were not able to sensitize clone49 (data not shown). These results suggested that LCs͞IFN-␥ fed with NY-ESO-1 IC acquired the capacity to cross-present antigen in a proteasome-dependent pathway likely to require uptake and internalization of exogenous IC containing NY-ESO-1 protein.
Antigen Uptake by LCs and LCs͞IFN-␥. To investigate whether the distinct cross-presentation capacity of mo-DCs, LCs, and LCs͞ IFN-␥ reflected a differential endocytic uptake of IC, we tried to directly visualize the uptake capacity of NY-ESO-1 IC in the three cell types using anti-NY-ESO-1 monoclonal antibody E978 conjugated to a fluorescent marker to form labeled IC. Quenching cells with trypan blue (25) was necessary to regulate extracellular fluorescence and thus visualize internalized antigen only, because cells incubated with labeled IC at 0°C showed surface binding in the absence of quenching (Fig. 5A ). As shown in Fig. 5B , there was clear uptake of fluorescent IC in mo-DCs at 37°C. However, both LCs and LCs͞IFN-␥ exhibited five times lower mean fluorescence intensity compared with mo-DCs at 37°C, and they did not show a significant uptake difference with each other. As a control, matured mo-DCs induced by exposing to LPS for 48 h showed modest mean fluorescence intensity level at 37°C (data not shown).
Similar results were obtained in experiments measuring the uptake capacity of fluorescence-labeled dextran (24) or of peroxidase-anti-peroxidase soluble immune complexes (data not shown). Together, these data suggested that failure in cross-presentation in LCs was unlikely to be due to their lower endocytotic potential compared with LC͞IFN-␥, but rather to intracellular events after the uptake of exogenous IC.
Conventional Antigen Presentation by Means of Endogenous MHC
Class I Pathway by LCs and LCs͞IFN-␥. To investigate whether LCs were impaired for antigen processing in general as compared with LCs͞IFN-␥, we assayed antigen presentation by means of conventional (i.e., endogenous) MHC class I pathway. First, vaccinia virus recombinant for NY-ESO-1 (vv.ESO) or wild type (vv.WT) was used to infect cells and target the endogenous class I pathway. Fig. 6 shows that LCs infected with vv.ESO were able to effectively present the HLA-A*0201-restricted epitope to clone49 in ELISPOT despite the fact that they failed to crosspresent the same antigen when delivered as an exogenous IC. LCs infected with Fowlpox or adenovirus recombinant for NY-ESO-1 were also capable of presenting effectively (data not shown). On the other hand, LCs͞IFN-␥ were able to present the epitope onto MHC class I effectively by means of both conventional and cross-presentation pathways (Fig. 6) .
We also examined the HLA class II presentation pathway in LCs and LCs͞IFN-␥ fed with NY-ESO-1 protein or IC, by using a CD4 ϩ T cell line specific for NY-ESO-1 peptide 115-132 presented by HLA-DR7 (23) . We found that histocompatible LCs and LCs͞IFN-␥ were equally capable of presenting not only NY-ESO-1 IC but also free protein (data not shown). As controls, NY-ESO-1 short truncated protein and MAGE-3, or their counterpart IC, did not sensitize the NY-ESO-1 specific CD4 line (data not shown).
These results indicated that conventional antigen-processing pathways, i.e., MHC class I presentation from endogenous antigen and MHC class II presentation from exogenous antigen, were intact in both LCs and LCs͞IFN-␥. Taken together, it suggested that LCs were impaired only for cross-presentation pathway of MHC class I presentation from exogenous antigen. The defect likely occurred after antigen uptake but before proteasome processing, and treatment of LCs with IFN-␥ enables a mechanism to acquire cross-presentation capacity.
Susceptibility to Maturation Signal of LCs and LCs͞IFN-␥.
We next investigated responses to maturation signals such as IC, LPS, or CD40L on mo-DCs, LCs, and LCs͞IFN-␥. In Fig. 7A , mo-DCs up-regulated CD83, CD86, and HLA-DR expression after 48-h treatment with either IC or LPS. In contrast, LCs were resistant to maturation under the same conditions. Only CD40L could induce maturation on all cell types. If treated with IFN-␥, however, LCs became susceptible to maturation not only by LPS but also by IC, even though IFN-␥ treatment by itself did not induce maturation (Fig. 2) . These results suggested that resis- tance of LCs to certain maturation signals could be overcome by treatment with IFN-␥. To investigate whether maturation is directly linked with the capacity to cross-present exogenous antigen, LCs were exposed to NY-ESO-1 IC in the presence of CD40L and assayed with clone49 by ELISPOT (Fig. 7B) . Remarkably, CD40L treatment enabled cross-presentation of NY-ESO-1 IC by LCs in the absence of IFN-␥, linking the crosspresentation and maturation processes together.
Discussion
Previously, we showed that monocyte-derived DCs efficiently presented antigenic epitopes derived from exogenous NY-ESO-1 IC by means of a proteasome-dependent pathway (6) . Treating DCs with anti-CD32 (Fc␥RII) monoclonal antibody inhibited their antigen presentation partially. Moreover, DCs exposed to NY-ESO-1 IC formed with a Fab fragment of anti-NY-ESO-1 IgG1 did not sensitize specific cytotoxic T lymphocyte (CTL) clones, suggesting that Fc portions of antibodies are critical for IC uptake by DCs. In the present study, we analyzed LCs differentiated from monocytes by using IL-4, GM-CSF, and transforming growth factor-␤1, and they exhibited a similar phenotype to DCs except for lower CD32 expression levels. We observed that LCs had a poor cross-presentation capacity, and we predicted this result could be due to lack of Fc␥ receptor in addition to low capacity of fluid phase endocytosis (Fig. 5 and data not shown) . Remarkably, treatment for 24 h with IFN-␥ caused LCs to acquire the ability to cross-present exogenous antigen. Two questions arose from these results. One was whether IFN-␥ treatment affected the capacity of LCs to internalize IC in a quantitative or qualitative manner. The other was whether LCs͞IFN-␥ uptake of IC still occurred by means of Fc␥ receptors despite poor expression levels. We found that the quantitative endocytic capacity of LCs, as measured by uptake of fluorescent IC, was not up-regulated significantly by IFN-␥ treatment. We thus favor the explanation that a qualitative difference in endocytic capacity occurs, potentially targeting Fc␥ receptor-mediated uptake pathways, even though IFN-␥ treatment of LCs up-regulated Fc␥ receptor surface expression by only 2% (data not shown). Still, LCs͞IFN-␥ exposed to NY-ESO-1 IC formed with Fab fragment of anti-NY-ESO-1 IgG1 or with monoclonal anti-NY-ESO-1 IgM did not sensitize clone49 (data not shown). Even though LCs͞IFN-␥ do not significantly differ from LCs for uptake capacity, they seem to make better use of antigen derived from IC once internalized.
We tried to assess differences in routing of internalized antigen to the processing machinery between LCs and LCs͞ IFN-␥. Cross-presentation by LCs͞IFN-␥ incubated with NY-ESO-1 IC was inhibited by lactacystin, suggesting a proteasome-dependent mechanism as has been found in other examples of cross-presentation. In this case, a fraction of antigen proteins internalized by LCs͞IFN-␥ likely must exit or be translocated from endosome compartments to the cytosol by an unknown mechanism. Both LCs and LCs͞IFN-␥ retained the function to present antigen from cytosol to class I by means of a proteasome-dependent pathway because virus recombinant with NY-ESO-1 could be presented effectively. Virus infection by using vaccinia, fowlpox, or adenovirus recombinant for NY-ESO-1 did not lead to induction of maturation for mo-DCs, LCs, and LCs͞IFN-␥ (data not shown). A conventional class II presentation pathway was also preserved in both cell types. Taken together, these findings suggest that treatment with IFN-␥ potentiated cross-presentation in LCs due to qualitative enhancement of IC trafficking from membrane to cytosol. One level of action could be a recently proposed model of fused endoplasmic reticulum-phagosome compartments in cross-presenting cells, provided these compartments are not constitutively expressed in LCs (11, 12) .
We also indicated that LCs͞IFN-␥ became susceptible to maturation signals, such as LPS and IC, which did not induce maturation in LCs. We tried to assess whether induction of maturation itself was directly linked with capacity of cross-presentation, because it has been shown that presentation of exogenous antigens by MHC class I pathway is subject to developmental control by inducing maturation by CD40L or disruption of cell-cell contact but not by LPS in mouse bone marrow-derived DCs (26) . We investigated the cross-presentation of antigen in LCs exposed to IC, simultaneously treated with CD40L, which is one of the only signals to induce LCs maturation effectively. We observed an enhancement in the capacity of LCs to cross-present IC when maturation was forced by CD40 ligation. Because LCs treated with IFN-␥ were susceptible to maturation by IC treatment alone, the link between maturation and cross-presentation would explain that IFN-␥ enabled cross-presentation by LCs at least in part by allowing cellular maturation changes. Thus, our monocyte-derived human antigen presentation system argues for facilitated cross-presentation when maturation is conditionally enabled by IFN-␥. It will be interesting to correlate these findings with protein vaccination studies targeting dermal Langerhans cells, and ask whether local coadministration of IFN-␥ may enhance in vivo cross-presentation.
Additional hypotheses will have to be tested to unravel the mechanism of cross-presentation, particularly the potential involvement of protein ubiquitination after IC internalization. It has been shown that DCs exposed to maturation signals displayed transient aggregation of ubiquitinated proteins called DALIS (DC aggresome-like inducible structures), which are most likely derived from newly synthesized proteins such as DRiPs (defective ribosomal products) (27, 28) . It will be interesting to test whether internalized proteins derived from exogenous IC can form DALIS-like structures in matured cells, and whether they might be involved in cross-presentation.
Previously, we showed that NY-ESO-1 IC were not efficiently cross-presented by CD34-derived DCs despite the fact that CD32 was expressed moderately in these cells (6) . Preliminary data indicate that treatment of CD34-derived DCs with IFN-␥ does not enhance cross-presentation, in contrast with its effect on LCs (data not shown). Importantly, CD34-derived DCs have been shown to have phenotypic characteristics of LCs, but they seem more committed and less susceptible to IFN-␥. Given the very low capacity of CD34-derived DCs to take up exogenous soluble antigen, it is also possible that the threshold of internalized antigen needed to stimulate clone49 cells is not reached, independently of IFN-␥ treatment, although this finding remains to be confirmed.
NY-ESO-1, a cancer-testis antigen, was originally discovered by its capacity to induce a humoral response (29) . Both CD8 ϩ (30) and CD4 ϩ T cell (23) responses against NY-ESO-1 spontaneously occur in cancer patients, and they strongly correlate with the presence of NY-ESO-1-specific antibodies in patient sera. As reported previously, epitopes from NY-ESO-1 recognized by specific CD4 ϩ and CD8 ϩ T cells have been identified (16-18, 23, 31-34) . When mapping the distribution of epitopes along the NY-ESO-1 sequence, there are large overlaps between CD4 ϩ and CD8 ϩ T cell-recognized peptides (23) , which may mirror the linked destiny of internalized protein antigens in endosome, some being processed into long peptides loaded onto class II, other being transported to cytosol, processed with proteasome, and present onto class I in DCs. The presence of concomitant antibody to NY-ESO-1 suggests that priming NY-ESO-1-specific T cells in naturally immunized patient could involve cross-presentation mechanisms in vivo.
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